Introduction
============

Heparanase (HPSE) is an endo-β-glucuronidase that can cleave heparan sulfate proteoglycans in the basement membrane. It is produced as a latent 65-kD proenzyme that is processed and activated by cathepsin L, yielding an enzymatically active heterodimer composed of 8- and 50-kD subunits [@B1]. Enzymatic cleavage of heparan sulfate by HPSE leads to disassembly of the extracellular matrix (ECM) and is therefore involved in cancer progression, metastasis, and neovascularization [@B2]. Although promising results from Phase I/II trials with a specific inhibitor against HPSE have been observed in various tumor types [@B3], the development of antibody-induced thrombocytopenia or neutropenia has limited the use of HPSE inhibitors in some patients [@B3], [@B4]. Thus, it is necessary to develop a more efficient and safer therapeutic method against HPSE.

RNA interference (ribonucleic acid interference, RNAi) is a powerful tool that blocks gene expression in mammalian cells by triggering sequence-specific gene degradation during posttranscriptional gene silencing [@B5]. In our previous study, we constructed the recombination plasmid pRNATU6.1/HPSE-shRNA and transfected it into A375 melanoma cells, resulting in decreased expression of HPSE and lower invasion ability of A375 cells *in vitro*[@B6]. Although the use of shRNA vectors for RNAi analysis under the control of RNA polymerase III (Pol III) (*e.g.*, U6 or H1 promoter) can silence gene expression effectively, long-term suppression using Pol III shRNAs could be problematic [@B7], [@B8]. Furthermore, exogenous RNAi mediated by Pol III promoters, which are constitutively expressed in all cell types, can not target tumor tissues effectively*in vivo*[@B9], [@B10].

A class of endogenous non-coding small RNAs, miRNAs, post-transcriptionally regulates gene expression in a perfect or an imperfect sequence-specific manner to exert their RNAi effects [@B11]. These miRNAs are transcribed predominantly by the Pol II promoter as long primary polyadenylated transcripts (pri-miRNAs) [@B12]. Designing such shRNAs in the context of naturally occurring Pol II-driven miRNA transcripts increases the flexibility of this approach, allowing for conditional and cell type-specific expression [@B13], [@B14]. Researchers from several laboratories have mimicked diverse miRNA scaffolds, such as miR-30, miR-21, or miR-155, to develop potent shRNAs [@B15]-[@B17]. Such miRNA-based RNAi systems displayed very efficient knockdown of gene expression, even at the single-copy level [@B18]. Furthermore, miRNA-based approaches do not disrupt cellular processes that are regulated by endogenous miRNAs and may provide safer therapeutic RNAi expression vectors compared with shRNAs [@B19], [@B20]. Second-generation shRNA libraries were constructed based on the most characterized and commonly used pri-miRNA backbone, miR-30, comprising more than 140,000 shRNA expression plasmids and covering all predicted genes in both the human and mouse genomes [@B21].

In this study, we constructed shRNAs and miR30-based shRNAs against HPSE to compare their safety and their effects on HPSE down-modulation*in vitro* and *in vivo*, to develop a more ideal therapeutic RNAi vector targeting HPSE.

Materials and Methods
=====================

Construction and transduction of lentiviral vectors with specific miRNAs or shRNAs for *HPSE*
---------------------------------------------------------------------------------------------

Three RNAi sequences that target *HPSE* (NM_006665.3, Figure [1](#F1){ref-type="fig"}A) were designed and screened in our previous study [@B6]. The lentiviral vectors with miRNAs that were based on the miR-30 framework [@B18] (Figure [1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}C) or HPSE-shRNAs (Figure [1](#F1){ref-type="fig"}D) were constructed by the GeneChem Company (Shanghai, China). Briefly, the double-stranded oligonucleotide encoding pre-miRNA or shRNA sequences for HPSE and their negative controls were annealed and inserted into the linearized eukaryotic PP-GFP or pGCSIL-GFP vector (GeneChem). All these vectors were transformed into One Shot TOP10 Chemically Competent *E. coli*, and the desired expression clones were identified by polymerase chain reaction (PCR) amplification and electrophoresis, and then were confirmed by sequencing (TaKaRa Biotechnology Co. Ltd., Dalian, China). The recombinational RNAi expression vectors (PP-GFP/ HPSE-miRNA and pGCSIL-GFP/ HPSE-shRNA) and the packaging vectors (pHelper 1.0 and pHelper 2.0) (GeneChem) were co-transfected into 293FT cells (Invitrogen, Carlsbad, CA, USA) with Lipofectamine2000 (Invitrogen). The culture supernatants were collected at 48 hours after transfection, concentrated, and used as virus stocks named LV PP-GFP/ HPSE-miRNAs and LV pGCSIL-GFP/ HPSE-shRNAs. All the lentiviral vectors expressed enhanced green fluorescent protein (GFP), which allowed for titering and measuring their infection efficiency in infected cells. The viral titer was determined by counting the GFP-positive cells after infection.

Cell culture and lentiviral infection
-------------------------------------

The human malignant melanoma cell line A375 was purchased from the Shanghai Institute of Cell Biology, routinely cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) (Hyclone Laboratories, Inc., Logan, UT, USA) supplemented with 10% heat-inactivated fetal bovine serum and incubated in a humidified (37°C, 5% CO~2~) incubator. The Neg-miRNA, HPSE-miRNA1, HPSE-miRNA2, HPSE-miRNA3, Neg-shRNA, HPSE-shRNA1, HPSE-shRNA2, and HPSE-shRNA3 constructs were transduced into the A375 cells by lentiviral infection with a multiplicity of infection (MOI) of 1 or 10 in the presence of polybrene (5μg/mL). Cells of different groups were observed under a fluorescence microscope (Olympus, Tokyo, Japan) and harvested at 72 hours after infection.

Quantitative real-time PCR
--------------------------

Total RNA was isolated from cells of different groups using RNAiso^TM^ PLUS (TaKaRa) following the manufacturer\'s protocol. Quantitative real-time PCR was performed using the ABI Prism 7900 (Applied Biosystems, Foster City, CA, USA) and SYBR PrimeScript RT-PCR kit II (TaKaRa) according to the manufacturer\'s instructions. Primers for *HPSE* and *β-actin*, the internal control, were synthesized by TaKaRa as follows: *HPSE*-forward, 5′-GAATGGACGGACTGCTAC-3′; *HPSE*-reverse, 5′-CCAAAGAATACTTGCCTCA-3′; *β-actin*-forward, 5′-GGCGGCACCACCATGTACCCT-3′; *β-actin*-reverse, 5′-AGGGGCCGGACTCGTCATACT-3′. The thermal profile for the real-time PCR was 95°C for 30 seconds followed by 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds. The ΔCt data were collected automatically and -ΔΔCt was calculated using the following formula: -ΔΔCt = average ΔCt of control group -ΔCt of the treated group. The relative expression of the target gene was calculated using 2^-ΔΔCt^[@B22]. Each group was performed in triplicate. All the experiments were repeated three times.

Western blot analysis
---------------------

Cells from different groups were collected and lysed using a protein extraction reagent (Applygen, Beijing, China). The amount of protein in each lysate was quantified by the Bradford method [@B23]. Equivalent amounts of total proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and then were transferred to polyvinylidene difluoride membranes. The membranes were incubated in 5% skim milk for 2 hours at room temperature to block nonspecific interactions before immunoblotting with the HPSE polyclonal antibody (Abcam^®^ Biotechnology plc, San Francisco, CA, USA) overnight at 4°C. After washing three times with TBS/T buffer, the membranes were incubated with horseradish peroxidase-conjugated anti-rabbit IgG for 1 hour at room temperature, followed by EZ-ECL (Biological Industries, Kibbutz Beit-Haemek, Israel) visualization of the bands [@B22]. The membranes were stripped and probed with the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Kangchen Biotech, Shanghai, China) monoclonal antibody as the internal control [@B22]. All the experiments were repeated at least three times.

*In vitro*cell viability assay
------------------------------

A375 cells grown in 96-well plates at a low density of 5×10^3^ cells per well were infected in triplicate with LV HPSE-shRNA2, LV HPSE-miRNA2, LV Neg-shRNA, or LV Neg-miRNA with an MOI of 10. At 24 and 72 hours after infection, microscopic or fluorescent images were captured at 100× magnification. Next, 20 μL of MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5 -diphenyltetrazolium bromide, 5 mg/mL) (Sigma-Aldrich Co. LLC, St Louis, MD, USA) was added to each well, and the plates were incubated for an additional 4 hours at 37°C. The MTT solution in the medium was then aspirated, and 150 μL of dimethyl sulfoxide (DMSO) (Sigma-Aldrich Co. LLC) was added before measurement of the absorbance at 570 nm. The cellular viability was evaluated using the A~570~ value [@B24]. Each group was performed in quadruplicate, and the experiment was repeated three times.

Cellular adhesion assay, transwell migration assay and Matrigel invasion assay *in vitro*
-----------------------------------------------------------------------------------------

Cells were collected at 72 hours after infection with LV HPSE-shRNA2, LV HPSE-miRNA2, LV Neg-shRNA, or LV Neg-miRNA. Cells were added into prepared 96-well plates, coated with Matrigel (1:3 dilution ratio; Becton Dickinson, Franklin Lakes, NJ, USA) and 2% bull serum albumin at a concentration of 1×10^4^per well. The cells that did not adhere to the Matrigel were washed off with phosphate-buffered saline (PBS) after 1 hour incubation at 37°C, and then were subjected to the MTT assay to determine cellular adhesion ability [@B22]. The migratory and invasive abilities of the tumor cells were determined using 24-well transwell chambers [@B22] without or with Matrigel coating (1:3 dilution ratio; BD), with upper and lower culture compartments separated by polycarbonate membranes with 8-μm pores (Corning Costar Corp., Cambridge, MA, USA). The transduced cells (2×10^4^) from each group were resuspended in 100 μL of serum-free DMEM and seeded in the top chambers. The bottom chambers were filled with 0.5 mL of DMEM medium containing 10% fetal bovine serum as a chemoattractant. After subculturing for 24 hours, the cells on the upper surface of the membrane were removed using cotton tips. The cells that migrated to or invaded the lower surface were fixed in 10% formalin at room temperature for 30 minutes and stained with hematoxylin-eosin (H&E). The migratory or invasive abilities were determined by counting the H&E-stained cells at 400× magnification. Each treatment was performed in triplicate, and all the experiments were repeated three times.

*In vivo*assays for tumor proliferation, metastasis and evaluation of toxicity of LV shRNA or LV miRNA
------------------------------------------------------------------------------------------------------

All our animal protocols were approved by the Animal Care and Use Committee of the Zhejiang University of Traditional Chinese Medicine (Hangzhou, China). Five-week-old BALB⁄c-nu mice were bred in laminar flow cabinets and maintained at a constant humidity and temperature (25-28°C). The A375 cells (5×10^6^) were injected into the flank of nude mice (3 in each group) on day 0. The mice were then treated with 100 μL of LV Neg-shRNA, LV Neg-miRNA, LV HPSE-shRNA2, or LV HPSE-miRNA2 by injection into tumors on days 7, 14 and 21. An equal volume of PBS was used as a mock control. Tumor growth was monitored by the tumor volume, which was calculated as described (17): Volume (mm^3^) = width^2^ (mm^2^) × length (mm) /2. The mice were sacrificed on day 35, and the lungs and livers were removed. Consecutive sections were made for every tissue block of the lungs or livers and stained with H&E. The incidences of lung or liver metastasis or inflammation were calculated and evaluated independently by two pathologists. Furthermore, the metastases were classified as grade I-IV according to the number of A375 cells in the metastatic lesion [@B17]. The*in vivo*experiment was repeated three times.

Expression of proinflammatory cytokines by ELISA and endogenous miRNAs in the lung by quantitative real-time PCR
----------------------------------------------------------------------------------------------------------------

Partial fresh lung tissues were prepared for homogenates and further used for enzyme-linked immunosorbent assay (ELISA) [@B25]. ELISAs for transforming growth factor beta1 (TGF-β1), interleukin-6 (IL-6) and interferon gamma (IFN-γ) were performed according to the manufacturer\'s instructions using the mouse ELISA kits (R&D Systems^®^ Inc., Minneapolis, MN, USA). Total RNAs, including miRNAs, from formalin-fixed and paraffin-embedded lung sections were purified using the miRNeasy FFPE Kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer\'s specifications. Briefly, 320 μL of Deparaffinization Solution (Qiagen) was added to the 4 pieces of 20-μm thick FFPE sections to remove traces of paraffin. The tissues were digested with protease K at 56°C for 15 minutes followed by heat treatment at 80°C for another 15 minutes. Next, 25 μL of DNase Booster Buffer and 10μL DNase I stock solution were added to the supernatant. After washing, total RNA, including a small miRNA fraction, was eluted with RNase-free water [@B26]. The primers for mmu-miR-U6, as a reference, and the most highly expressed endogenous miRNAs, including mmu-let-7a-5p, mmu-let-7b-5p, mmu-let-7c-5p, and mmu-miR-21a-5p, as shown on microRNA.org ([www.microrna.org/microrna/getExprForTissues.do?tissue=mmu_Lung](http://www.microrna.org/microrna/getExprForTissues.do?tissue=mmu_Lung)+), were purchased from Ruibo Company (Guangzhou, China). Each treatment was performed in triplicate, and all the experiments were repeated three times. Furthermore, we performed miRNA target prediction using the two most common algorithms online: Targetscan Human 6.2 (<http://www.targetscan.org/>) and miRanda (<http://www.microrna.org/microrna/home.do>).

Statistical Analysis
--------------------

The results are expressed as means ± SD. All the experiments were performed at least in triplicate. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by the Dunnett\'s-t test and the SNK-q test, where a *P* value less than 0.05 was deemed to be statistically significant.

Results
=======

Development of an improved miR30-based HPSE-RNAi shuttle (HPSE-miRNA) and lentiviral vector
-------------------------------------------------------------------------------------------

We developed the PP-GFP-miRNA vector, which carried the short hairpins that were embedded within a miRNA transcript from the improved miR-30 and were driven by the CMV-Pol II promoter [@B12], [@B15]. The vector had been designed to allow replacement of the miR-30 encoding region with shRNA sequences that target any transcript of choice (Figure [1](#F1){ref-type="fig"}B). Here, the three HPSE-target sequences that were screened in our previous study were redesigned based on the miR-30 scaffold (HPSE-miRNA1, HPSE-miRNA2 and HPSE-miRNA3) and cloned into the PP-GFP-shRNA vector (Figure [1](#F1){ref-type="fig"}C). Similarly, the non-targeting control sequence (Neg-miRNA) was also redesigned. In addition to Neg-miRNA and HPSE-miRNAs, three conventional shRNAs targeting HPSE and a negative control shRNA at the same target area were designed (HPSE-shRNA1, HPSE-shRNA2, HPSE-shRNA3 and Neg-shRNA, Figure [1](#F1){ref-type="fig"}D) to be further tested alongside the HPSE-miRNAs*in vitro* and *in vivo*. These recombinant plasmids were purified and confirmed to be correct by sequencing (Figure [1](#F1){ref-type="fig"}E), and then they were packed into lentivirus and named LV Neg-miRNA, LV HPSE-miRNA1, LV HPSE-miRNA2, LV HPSE-miRNA3, LV Neg-shRNA, LV HPSE-shRNA1, LV HPSE-shRNA2 and LV HPSE-shRNA3. The dilution method was used to titer the viruses, and the dilution that was used was approximately 5×10^8^TU/mL (data not shown).

HPSE-miRNAs down-regulated HPSE expression of melanoma cells but were not more potent than HPSE-shRNAs
------------------------------------------------------------------------------------------------------

The recombinant lentiviral-mediated shRNAs or miRNAs were transduced into A375 cells in which heparanase was highly expressed [@B27], [@B28] with an MOI of 1 or 10. After being transduced for 72 hours, the percentage of GFP-positive cells in both the HPSE-shRNA and HPSE-miRNA groups was approximately 10-20% at an MOI of 1, whereas it was more than 90% at an MOI of 10 (Figure [2](#F2){ref-type="fig"}A). Compared with the mock control, the mRNA levels of HPSE at an MOI of 1 were down-regulated by 31.83%, 37.23%, 43.14%, respectively, in A375 cells transduced with HPSE-shRNA1, HPSE-shRNA2 or HPSE-shRNA3. Although A375 cells were treated with HPSE-miRNA1, HPSE-miRNA2 or HPSE-miRNA3, the inhibition rate of HPSE expression was about 30.00% (vs. HPSE-shRNA1, *P*=0.765), 24.07% (vs.HPSE-shRNA2, *P*=0.024), and 9.97% (vs. HPSE-shRNA3, *P*=0.003), respectively (Figure [2](#F2){ref-type="fig"}B). However, the protein levels of HPSE detected by western blot analysis were slightly decreased only in the HPSE-shRNA1 and HPSE-shRNA2 groups. When the MOI was 10, both HPSE-miRNAs and HPSE-shRNAs showed an equal effect regarding HPSE expression, which was approximately 50-60% down-regulated compared with the mock and negative control cells. Furthermore, no significant difference was observed between any pairs of LV HPSE-shRNA/miRNA (*P*\>0.05, Figure [2](#F2){ref-type="fig"}B and [2](#F2){ref-type="fig"}C). In addition, HPSE-miRNA2 and HPSE-shRNA2 were selected for further studies.

Both HPSE-miRNA2 and HPSE-shRNA2 attenuated cellular viability without shRNA- mediated toxicity *in vitro*
----------------------------------------------------------------------------------------------------------

At 24 hours after infection, each of the four treatments (Neg-shRNA, Neg-miRNA, HPSE-shRNA2, or HPSE-miRNA2) showed similar levels of cell proliferation and fluorescence. However, at 72 hours, we noted a clear loss of living cells in the HPSE-shRNA2- or HPSE-miRNA2-treated populations compared with the respective negative control groups (Figure [3](#F3){ref-type="fig"}A). In addition, we performed MTT assays at both 24 hours and 72 hours to measure cellular viability. The *A~570~* values of each group that was subjected to the MTT assay at 24 hours were 1.266 ±0.038, 1.223 ±0.088, 1.210 ±0.017, and 1.202 ±0.132 (*P*\>0.05), indicating that the initial cell density of the four treatments were equal to each other. Upon incubation for an additional 48 hours, the fold increase in cellular proliferation in the HPSE-shRNA2 and HPSE-miRNA2 groups were 0.560±0.036, 0.621 ±0.182, which was significantly lower than those of the respective control groups (1.035±0.152 and 1.172±0.096, respectively; *P*\<0.01) (Figure [3](#F3){ref-type="fig"}A). However, the shRNA-treated cells presented with a similar proliferative ability relative to miRNA-treated cells (*P*\>0.05, Figure [3](#F3){ref-type="fig"}A). We inferred that this loss of activity was the result of inhibition of HPSE rather than shRNA-induced toxicity.

Both HPSE-miRNA2 and HPSE-shRNA2 abolished adhesion, migration, and invasion of melanoma cells*in vitro*
--------------------------------------------------------------------------------------------------------

Adhesion of cells to Matrigel was evaluated using the MTT assay at the indicated time points. The *A~570~* value in the HPSE-shRNA2 (0.288±0.043) and HPSE-miRNA2 (0.316 ±0.044) groups were significantly lower than those in the respective negative control groups (0.481 ±0.011 and 0.487 ±0.069; *P*=0.002 and 0.003) (Figure [3](#F3){ref-type="fig"}B). In the transwell migration assays, the numbers of migrated A375 cells infected with LV HPSE-shRNA2 (45.333±9.000) and LV HPSE-miRNA2 (51.333±9.333) at a high power of 400× were much lower than those of the respective negative controls (75.000 ±9.849 and 77.000 ±8.000; *P*=0.020 and 0.018) (Figure [3](#F3){ref-type="fig"}C and [3](#F3){ref-type="fig"}E), suggesting that both HPSE-shRNA2 and HPSE-miRNA2 could significantly suppress the migration of A375 cells. Similar effects were also detected in Matrigel invasion assays of A375 cells. Both HPSE-shRNA2 and HPSE-miRNA2 could significantly inhibit the *in vitro*invasion ability of A375 cells (*P*=0.0001, compared with Neg-shRNA or Neg-miRNA) (Figure [3](#F3){ref-type="fig"}D and E). Notably, no significant difference was found between the A375 cells transduced with HPSE-shRNA2 and those with HPSE-miRNA2 in the adhesion, migration, or invasion assays (*P*\>0.05, Figure [3](#F3){ref-type="fig"}B and E).

Both HPSE-miRNA2 and HPSE-shRNA2 suppressed tumor growth and lung metastasis of melanoma*in vivo.*
--------------------------------------------------------------------------------------------------

On day 7, the volumes of the tumors among all groups were not different when the recombinational LV and PBS were injected into tumors (*P*\>0.05). In the tumor growth assay, detectable tumors in both RNAi groups were not significantly different (211.847±89.011 vs. 195.842±59.578); however, they did differ from those in the mock and negative control groups on days 24, 28, 31 and 35 (*P*\<0.05; Figure [4](#F4){ref-type="fig"}A, [4](#F4){ref-type="fig"}B and [4](#F4){ref-type="fig"}C). The numbers of lung metastatic lesions in the LV HPSE-shRNA2 and LV HPSE-miRNA2 groups were greatly decreased compared with the respective controls and mock group (*P*=0.019 and 0.025, Figure [4](#F4){ref-type="fig"}D and E). Furthermore, most of the lung metastases in both RNAi groups were grade I (≤20 cells) or grade II (20-50 cells), whereas those in the negative control groups or PBS group were grade III (50-100 cells) or grade IV (\>100 cells) (Figure [4](#F4){ref-type="fig"}D and F). However, the difference in the number of lung metastases between the HPSE-shRNA2 and HPSE-miRNA2 groups was not significant (*P*=0.561, Figure [4](#F4){ref-type="fig"}D).

Artificial miRNAs attenuated the shRNA-mediated toxicity of the liver and lung*in vivo*
---------------------------------------------------------------------------------------

Unexpectedly, in our experiments we found no metastasis in the liver, another vulnerable site of tumor metastasis, whereas some inflammatory foci were observed by general or microscopic observation. Upon general observation (Figure [5](#F5){ref-type="fig"}A), obvious inflammatory or necrotic foci infiltrated by lymphocytes and some swelling hepatocytes were found in both shRNA groups, a finding that was confirmed by histological analysis (Figure [5](#F5){ref-type="fig"}B). The numbers of inflammatory foci counted at a low power (40×) in the HPSE-shRNA2 or HPSE-miRNA2 group were 6.333±2.082 and 1.333±0.577 (*P*=0.016), respectively, and those in the respective negative controls were 15.667±4.163 and 3.667±2.082 (*P*=0.011) (Figure [5](#F5){ref-type="fig"}C). In the mock group with PBS, inflammatory foci were rarely found (Figure [5](#F5){ref-type="fig"}B and [5](#F5){ref-type="fig"}C). Similarly and interestingly, there were lung injuries of inflammatory infiltration or pulmonary edema of differing degrees (Figure [5](#F5){ref-type="fig"}D and [5](#F5){ref-type="fig"}E) observed in both Neg-shRNA and HPSE-shRNA2 groups, independent of target sequence and the numbers of metastases. As shown in gross specimens (Figure [5](#F5){ref-type="fig"}D), obvious edema and consolidation were observed in both shRNAs groups. It was confirmed by histological images that the honeycomb architecture of the lung disappeared, and extensive edema, thickness of alveolar walls or infiltration of inflammatory cells were evident instead (Figure [5](#F5){ref-type="fig"}E). However, there was little sign of lung injuries, besides metastases, in the PBS or LV miRNAs groups (Figure [5](#F5){ref-type="fig"}E).

Endogenous miRNAs were predominantly down-regulated in the lungs of LV shRNAs groups, but miR-21 was up-regulated
-----------------------------------------------------------------------------------------------------------------

In ELISA assays, the expression levels of TGF-β1 and IL-6 from both shRNAs groups were up-regulated compared with both miRNAs groups and the PBS group (*P*\<0.05), independent of the expression of HPSE, whereas the expression of IFN-γ was not different among the groups (Figure [6](#F6){ref-type="fig"}A). As shown in Figure [6](#F6){ref-type="fig"}B, expression of mmu-let-7a-5p, mmu-let-7b-5p and mmu-let-7c-5p were obviously attenuated in the shRNAs groups compared with those in the PBS and miRNAs groups. However, the relative expression levels of mmu-miR-21a-5p in Neg-shRNA and HPSE-shRNA were approximately 4.011±0.838 and 2.832±0.424, respectively, predominantly higher than that of the PBS, Neg-miRNA and HPSE-miRNA groups (1.001±0.047, 0.962±0.518 and 0.795±0.392, respectively). Furthermore, miR-21a-5p in the RNAi group was lower than respective negative control group, although there was no statistical significance between Neg-miRNA and HPSE-miRNA (*P*=0.452). By prediction of targets of mmu-let-7a-5p, mmu-let-7b-5p, mmu-let-7c-5p and mmu-miR-21a-5p via Targetscan and miRanda, we found that IL-6 was the predicted target gene of mmu-let-7a-5p, mmu-let-7b-5p and mmu-let-7c-5p, whereas the 5′ seed region of mmu-miR-21a-5p targeted the 3′-UTR of the SMAD7 gene, a negative regulator of the TGF-β signaling pathway (Figure [6](#F6){ref-type="fig"}C).

Discussion
==========

RNAi is an evolutionarily conserved mechanism that triggers sequence-specific inhibition of complementary mRNAs in eukaryotes and has been widely utilized as a powerful tool to knockdown particular genes of interest for basic research or therapeutic purposes. Previous studies from several laboratories, including ours, demonstrated that siRNA or shRNA targeting HPSE could lead to slower growth, reduced clonogenic capacity, and invasive potential of aggressive tumor cell lines [@B28], [@B29]. However, the use of synthetic siRNA for RNAi in mammalian cells is limited by their transient nature and lack of an efficient delivery system [@B7], [@B8]. Although \~19- to 29-bp shRNAs delivered as plasmids or viral vectors are developed to allow the stable expression of RNAi, and shRNA constructs are generally driven by RNA polymerase III promoters, including the H1, U6 and tRNA promoters [@B30], [@B31], they are constitutively expressed in all cell types, a finding that became the major handicap of the application of shRNA [@B31]-[@B33]. Recently, the original shRNA design has been further optimized by embedding the hairpins in a miRNA-based context via the inclusion of structural motifs of pri-miRNAs, with the characteristic features of larger loops, internal mismatches, bulges, and flanking sequences [@B34], [@B35]. Compared with shRNAs, artificial miRNAs more naturally resemble endogenous RNAi substrates and are more amenable to Pol-II transcription [@B36], allowing for tissue-specific expression of RNAi and even polycistronic or reversible strategies [@B14], [@B37], [@B38]. Furthermore, Pol II-transcribed, miRNA-based shRNA displayed very efficient knockdown of gene expression, even the single-copy level [@B18]. However, contradictory results have been reported by other groups [@B39], [@B40]. When minimizing the variables between shRNA and miRNA-based vectors, taking into consideration the transcribed product, processing sites, and strand bias, shRNAs demonstrated improved silencing potency relative to their miRNA-based counterparts [@B40].

In the current study, we designed three HPSE-miRNA sequences that were embedded in the precursor miRNA context derived from miR-30 and then cloned the sequences into the Pol II promoter CMV-miRNA expression cassette of a lentiviral vector. Concurrently, we also constructed shRNA-based lentiviral vectors, which, after processing, yield similar RNAi sequences. At a low MOI of 1, HPSE-miRNAs did not display effective knockdown, whereas the respective HPSE-shRNAs showed a slight interference effect. It was ever shown that shRNAs yielded abundant levels of precursor and fully processed antisense RNA, even at a 10-fold lower dose compared with artificial miRNAs [@B41], thus providing mechanistic insight to explain the increased potency of shRNAs at a low dose in our study. When the infection efficiency was greater than 90% at a high MOI of 10, both HPSE-miRNAs and HPSE-shRNAs exhibited a 50-60% down-regulation of HPSE transcriptionally and translationally compared with the parental cells and negative controls, without a difference between HPSE-miRNAs and respective HPSE-shRNAs. Upon further observation, both HPSE-shRNA and HPSE-miRNA could similarly suppress proliferation, adhesion, migration and invasion of A375 melanoma cells*in vitro*, a result that was confirmed by xenograft experiments in mice. Our data demonstrated that miRNAs targeting HPSE could create effective RNAi mediated by Pol II promoters*in vitro*and*in vivo*, although these miRNAs were not more potent than HPSE-shRNAs, as expected.

The safety profile of these treatments is another important issue that should be considered. There are increasing reports that reveal siRNAs and shRNAs can induce immunological responses or off-target effects, thus causing toxicity [@B26], [@B42]-[@B44]. It is worth noting that many commonly used tumor cell lines [@B45], [@B46], including resistant A375 cells [@B47], [@B48], have a defective interferon response or cause down-regulation of components of the interferon pathway, findings that may explain why shRNA- treated cells in the current study presented with similar proliferative ability relative to the miRNA- treated cells *in vitro*. However, *in vivo* hepatotoxicity, characterized by lobular collapse, multifocal hepatocyte necrosis, and even cancer or death in mice, was ever reported in short- or long- term observations [@B49], [@B50]. Several controls proved that the toxicity was both shRNA-specific and dose-dependent and was not restricted to a particular shRNA or target [@B43], [@B49], [@B51]. In 2006, Grim and colleagues found that highly expressed \'toxic\' shRNAs competed with endogenous miRNAs for intracellular processing. That study was supported by the results of further RNA analyses that toxicity and morbidity were correlated with decreased levels of the natural miRNAs miR-122 or let-7a and disruption of their biogenesis and function [@B49]. Interestingly, Grim and colleagues induced liver regeneration by surgery or chemical injury, but this technique did not result in miRNA inhibition. It was also observed by Beer that shRNAs globally dysregulated expressions of hepatic miRNAs and even at marginal doses, shRNAs could trigger histologically detectable hepatoxicity that could facilitate the ability of the MYC oncogene to induce liver tumorigenesis [@B50]. It has been demonstrated that the introduction of bulges, which are invariably present in miRNA stems, are instrumental to prevent activation of dsRNA-dependent IFN-stimulated genes (ISGs) as well as oligo adenylate synthetase1 (OAS1) pathway-associated off-target effects [@B20], [@B43], [@B52]. Our findings here corroborated data from work by others [@B19]-[@B21], revealing that embedding an shRNA into a miRNA scaffold could alleviate shRNA-specific hepatotoxicity *in vivo* independent of the target.

In addition to hepatotoxicity, it was reported that artificial miRNAs mitigated the shRNA-mediated toxicity in brain tissue [@B19], [@B41]. Some, but not all, shRNA expression vectors targeting the mouse Huntington\'s disease homolog (HDh) gene could cause neurotoxicity in the mouse brain, which would be alleviated by moving those toxic shRNAs into an artificial miRNA scaffold without HDh silencing efficiency [@B19]. However, shRNA-mediated acute lung injury, such as pulmonary edema, was seldom revealed. In our*in vivo*study, HPSE-miRNA and HPSE-shRNA similarly suppressed the tumor growth and lung metastasis of melanoma. Strikingly, obvious lung edema or inflammatory infiltration was observed in both shRNA groups but not in miRNA groups. We also collected mouse lung homogenates to detect the expression of cytokines of TGF-β1, IL-6 and IFN-γ, which are critical mediators of lung injury [@B53]-[@B55]. It was found that, in both shRNA groups, the expression levels of TGF-β1 and IL-6 were up-regulated compared with both the miRNA and PBS-treatment groups, independent of HPSE expression, whereas the expression of IFN-γ was not different among each group. Based on the known published mechanism on hepatotoxicity, we further detected the expression of let-7a-5p, let-7b-5p, let-7c-5p and miR-21a-5p, which highly expressed in mouse lung tissues. The expressions of let-7a-5p, let-7b-5p and let-7c-5p were down-regulated obviously in the shRNA groups as expected, whereas miR-21a-5p presented with opposite results regarding a significant up-regulation. More interestingly, IL-6 was the predicted target gene for all of the former three. Thus, we speculated that up-regulation of IL-6 may partly result from attenuation of endogenous miRNAs let-7a-5p, let-7b-5p and let-7c-5p that were disrupted by shRNA of high doses. However, it is necessary to validate our speculation by further loss- and gain-of-function miRNA experiments and luciferase reporter assays. It was further reported that miR-21a-5p displayed profibrotic miRNA, notably in the heart or kidney [@B56], [@B57]. miR-21a-5p was also up-regulated in either experimental or idiopathic pulmonary fibrosis [@B58]. On the one hand, miR-21a-5p could be induced directly by TGF-β mediated signaling [@B59]. Conversely, miR-21a-5p promoted TGF-β1-induced fibrogenic activation by inhibition of the inhibitory SMAD-SMAD7, resulting in TGF-β1 signal amplification that eventually promoted fibrosis [@B58], [@B60]. However, in murine models of acute or chronic asthma sensitized by allergen ovalbumin, miR-21a-5p was attenuated in the long-term treatment group [@B61]. It was suggested that miRNAs function in a time- and model-dependent manner. In our results, obvious lung injuries in the shRNA groups may be associated with up-regulation of TGF-β1 and miR-21a-5p. However, there are still many unresolved problems, including i) identification of the mechanism of enhancement of TGF-β1 and miR-21a-5p caused by shRNAs and the causal relationship between TGF-β1 and miR-21a-5p in our experimental models; ii) whether shRNA-mediated lung injuries are dose-, target sequence- or vector- dependent; iii) whether there are other inflammatory cytokines and miRNAs involved in lung injuries caused by shRNAs, and what the regulatory network amongst them would be. All these issues need to be further addressed by much stricter controlled experiments in our future series study.

In conclusion, in our present study, the artificial miRNAs displayed an improved safety profile and lowered lung injury or hepatotoxicity relative to shRNAs *in vivo*, which in turn increased the flexibility of this system for functional genomic and gene therapy applications.

This study was financially supported by National Natural Science Foundation of China Grants (No.81000761) and Natural Science Foundation of Zhejiang Province (No. LY12H16010). This study was performed in the Institute of Infectious Diseases, the First Affiliated Hospital, College of Medicine, Zhejiang University. Animal experiments were performed in Animal Care and Use Committee of the Zhejiang University of Traditional Chinese Medicine.

DMEM

:   Dulbecco\'s modified Eagle\'s medium
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:   dimethyl sulfoxide

ECM

:   extracellular matrix

ELISA

:   enzyme-linked immunosorbent assay

GAPDH

:   glyceraldehyde-3-phosphate dehydrogenase

GFP

:   green fluorescent protein

H&E

:   hematoxylin-eosin

HPSE

:   heparanase

IFN-γ

:   interferon gamma

IL-6

:   interleukin-6

LV

:   lentivirus

miRNA/miR

:   microRNA

MOI

:   multiplicity of infection

MTT

:   (3-(4,5-dimethylthiazol-2-yl)-2,5 -diphenyltetrazolium bromide

PBS

:   phosphate-buffered saline

PCR

:   polymerase chain reaction

Pol II/III

:   polymerase II/III

RNAi

:   Ribonucleic acid interference

shRNA

:   short-hairpin RNA

TGF-β1

:   Transforming growth factor, beta1.

![**Construction of miR30-based HPSE miRNAs.**(A) The sequences of three designed mature miRNAs/shRNAs targeting *HPSE* and the precise regions of the *HPSE* mRNA that they targeted. (B) A schematic representation of the pre-miR30 shRNA vector in which the coding region of the mature miR30 miRNA (the upper red indication) was replaced with sequences that encode shRNAs targeting the gene of choice (the lower red indication). (C) A schematic representation of the PP-GFP/CMV-miRNA vector platforms. The synthesized miR30-HPSE-shRNAs (HPSE-miRNAs) were subcloned by site-specific recombination into the PP-GFP vector. (D) A schematic representation of the pGCSIL-GFP/U6-shRNA vector platforms. The synthesized HPSE-shRNAs were subcloned by site-specific recombination into the pGCSIL-GFP vector. (E) The sequences of PP-GFP/HPSE-miRNA1, PP-GFP/HPSE-miRNA2 and PP-GFP/HPSE -miRNA3 were confirmed by sequencing.](ijbsv09p0564g01){#F1}

![**Comparison of the effects of HPSE-shRNAs and HPSE-miRNAs on HPSE expression in A375 melanoma cells. A375 cells were infected with the indicated recombinational lentivirus at an MOI of 1 or 10 for 72 hours, and then were harvested for further quantitative RT-PCR and western blot analysis.** (A) GFP-positive cells in HPSE-shRNA- and HPSE-miRNA-transduced groups at an MOI of 1 or 10 (magnification of 100×). (B) The inhibitory effects of HPSE-shRNAs or HPSE- miRNAs on *HPSE* mRNA expression were determined by quantitative real-time PCR. Calculation of the respective *HPSE* mRNA expression in each group was relative to the mock group (%). (\* *P* \<0.05, compared with the mock group; ^†^*P* \<0.05, compared with the respective negative control; n=3) (C) Inhibitory effects of HPSE-shRNAs or HPSE-miRNAs on HPSE protein expression were detected by western blot analysis. Representative blots are shown from three independent experiments with identical results.](ijbsv09p0564g02){#F2}

![**Comparison of the effects of HPSE-shRNA2 and HPSE-miRNA2 on A375 cells*in vitro*. A375 cells were transduced with HPSE-shRNA2, HPSE-miRNA2 and respective negative controls at an MOI of 10 for 24 hours or 72 hours.** (A) The effects of HPSE-shRNA2 and HPSE-miRNA2 on cellular viability. Photomicrographs depicting GFP expression at 24 hours and 72 hours after treatment were shown (magnification of 100×). Cell viability was further measured by the MTT assay (n=4). (B) The cell-Matrigel adhesion assay. A375 cells were transduced with the indicated shRNA or miRNA and seeded in the Matrigel-prepared 96-well plates for 1 hour, washed with PBS, and then were subjected to the MTT assay (n=3). (C) Representative images of migratory cells in HPSE-shRNA2-transduced cells, HPSE-miRNA2-transduced cells and both negative control groups using the transwell migration assay (H&E staining, magnification of 100×, n=3). (D) Representative images of nvasive cells in HPSE-shRNA2 -transduced cells, HPSE-miRNA2-transduced cells and both negative control groups using the Matrigel invasion assay (H&E staining, magnification of 100×, n=3). (E) A diagram of the migratory cells or invasive cells, as determined by counting the cell number under the microscope with a magnification of 400×, in the transwell migration assay or the Matrigel-invasion assay. (^†^*P* \<0.05, compared with the respective negative control, n=3). All the experiments were performed three times.](ijbsv09p0564g03){#F3}

![**Comparison of the effects of HPSE-shRNA2 and HPSE-miRNA2 on *in vivo* tumor proliferation and lung metastasis of A375 cells.** A375 cells (5×10^6^) were injected into the flank of nude mice on day 0. The mice were then treated with 100 μL of LV Neg-shRNA, LV Neg-miRNA, LV HPSE-shRNA2, LV HPSE-miRNA2 and PBS by injection into the tumors on days 7, 14 and 21. The mice were sacrificed on day 35, and the lungs and livers were removed. (A-B) Images of the xenograft mice and tumors that were taken at the end of the experiment on day 35 (n=3). (C) Measurements of tumor volumes (mm^3^) taken twice a week were shown in C. Volume (mm^3^) = width^2^ (mm^2^) × length (mm) /2. (\* *P* \<0.05, compared with PBS-treated cells; ^†^*P* \<0.05, compared with the respective negative control; n=3). (D) Representative lung tissue sections from each group (H&E staining, magnification of 40× and 400×, respectively). (E) The number of the melanoma lung metastases in each group. (\* *P* \<0.05, compared with PBS-treated cells; ^†^*P* \<0.05, compared with the respective negative control; n=3). (F) Number of lung metastases of melanoma with grade I, II, III or IV in each group.](ijbsv09p0564g04){#F4}

![**Comparison of the toxicity induced by shRNAs or miRNAs.** The xenograft mice were treated with 100 μL of LV Neg-shRNA, LV Neg-miRNA, LV HPSE-shRNA2, LV HPSE-miRNA2 and PBS by injection into the tumors on days 7, 14 and 21. The mice were sacrificed on day 35, and the lungs and livers were removed. (A) The representative liver morphology of each group. (B) Representative liver tissue sections from each group (H&E staining, magnification of 20× and 400×, respectively). (C) The number of liver inflammatory foci in each group (\* *P* \<0.05, compared with the PBS-treated cells; ^†^*P* \<0.05, compared with the respective negative control). (D) The representative lung morphology of each group. (E) Representative manifestation of lung tissue sections from each group (H&E staining, magnification of 100×). Obvious pulmonary edema or inflammatory infiltration was observed in shRNA-treated groups but not in PBS- or miRNA-treated groups.](ijbsv09p0564g05){#F5}

![**Expression of some cytokines and endogenous miRNAs in the lung tissues of each group.** (A) The expression of TGF-β1, IL-6 and IFN-γ in the lung homogenates of each group (\**P* \<0.05, compared with the PBS- and miRNAs- treated groups). (B) The relative expression of let-7a-5p, let-7b-5p, let-7c-5p and miR-21a-5p in the mouse lung FFPE tissues of each group (\**P* \<0.05, compared with the PBS- treated groups; ^†^*P* \<0.05, compared with the respective negative control). (C) Murine IL-6 might be the molecular target of let-7a-5p, let-7b-5p and let-7c-5p, and SMAD7 might be the molecular target of miR-21a-5p. Shown was the sequence alignment of let-7a-5p, let-7b-5p, let-7c-5p and miR-21a-5p, and their target sites in the 3′-UTR of IL-6 or SMAD7.](ijbsv09p0564g06){#F6}
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